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Abstract
Polarization of optical starlight and far-infrared ther-
mal dust emission due to alignment of interstellar
grains offers a powerful window to study magnetic fields
in the various astrophysical environments, from the dif-
fuse interstellar medium to accretion disks surround-
ing young stars. Precision cosmology requires accurate
model of Galactic dust polarization for the first detec-
tion of Cosmic Microwave Background (CMB) B-modes
signal. Such an accurate model is only achieved when a
quantitative theory of grain alignment that links grain
alignment efficiency with local physical conditions and
dust properties is developed and tested. In this pa-
per, we review the successful development of such a
quantitative alignment theory, focusing on a unified
model of grain alignment based on radiative torques
and magnetic relaxation for dust grains incorporated
with iron inclusions. We discuss the implication of the
unified alignment model for interpreting the latest ob-
servational results by Planck and ALMA.
1. Introduction
The discovery of starlight polarization, more than
65 years ago (Hall 1949; Hiltner 1949) demon-
strated that interstellar grains are aspherical and
aligned with interstellar magnetic fields. The
alignment of dust grains opened a new win-
dow into studying the magnetic fields, includ-
ing the magnetic field topology and strength
through starlight polarization (Davis & Greenstein
1951; Chandrasekhar & Fermi 1953) and polarized
thermal dust emission (Hildebrand 1988), in vari-
ous astrophysical environments. Moreover, polarized
thermal emission from aligned grains is a significant
Galactic foreground source contaminating cosmic mi-
crowave background (CMB) radiation (Dunkley et al.
2009; Planck Collaboration et al. 2014). It is the most
critical challenge to CMB B-mode studies as demon-
strated by the joint BICEP2/Keck and Planck data
analysis (Ade et al. 2015).
The problem of grain alignment has proven to be
one of the longest standing problems in astrophysics.
Over the six decades, a number of grain align-
ment mechanisms have been proposed (see Lazarian
Proceedings of the Star Formation in Different Environ-
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2007 and Lazarian et al. 2015 for reviews). The ini-
tial paradigm of grain alignment is based on the
paramagnetic relaxation theory (Davis & Greenstein
1951). Some substantial extensions or modifica-
tions were suggested to the Davis-Greenstein mecha-
nism. However, an alternative alignment paradigm,
based on radiative torques (RATs), has now be-
come the favored mechanism to explain and predict
grain alignment in various environmental conditions
(Lazarian & Hoang 2007a; Hoang & Lazarian 2008;
Hoang & Lazarian 2009a;b). We note that this mech-
anism was first proposed by Dolginov & Mitrofanov
(1976) and subsequently quantified for several irreg-
ular grain shapes by Draine & Weingartner (1996;
1997) and Weingartner & Draine (2003). The first
analytical model of RAT alignment is presented by
Lazarian & Hoang (2007a).
Observational evidence for RAT alignment is
abundant and becoming increasingly available
(Andersson & Potter 2007; Whittet et al. 2008;
Andersson & Potter 2010; Matsumura et al. 2011;
Andersson et al. 2011; Reissl et al. 2016). Some
fundamental properties of RAT alignment are ob-
servationally tested. For instance, the dependence
of alignment on anisotropy direction of radiation
have been tested and confirmed by observations
(Andersson & Potter 2010; Andersson et al. 2011;
Vaillancourt & Andersson 2015). The loss of grain
alignment toward starless cores because of the reduc-
tion of radiation intensity is observed by a number
of groups (Alves et al. 2014; Jones et al. 2014). Evi-
dence for enhancement in grain alignment by pinwheel
torques was recently observed (Andersson et al. 2013)
and successfully reproduced by numerical modeling
(Hoang et al. 2015). We refer interested readers
to two recent reviews for extended discussions of
modern understanding of interstellar grain alignment
(Lazarian et al. 2015; Andersson et al. 2015).
Modern cosmology with CMB polarization requires an
accurate model of thermal dust polarization to en-
able reliable separation of galactic foreground con-
tamination from the polarized CMB signal. We be-
lieve that an accurate model of polarized dust emis-
sion is achieved only when it is based on solid physics
of grain alignment and tested physical properties of
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interstellar dust. Therefore, it is crucial to calculate
the degree of grain alignment to be used for model-
ing of foreground polarization (cf. Draine & Fraisse
2009). In addition, understanding of the grain align-
ment is necessary for reliably estimating magnetic
fields with the Chandrasekhar - Fermi technique (see
Falceta-Gonc¸alves et al. 2008 for a newer edition of the
technique).
Most of previous works on RAT alignment deal with
ordinary paramagnetic grains (Draine & Weingartner
1997; Hoang & Lazarian 2008; Hoang & Lazarian
2009a;b), which is based on the assumption that
iron atoms are distributed diffusely within silicate
grains. Numerous observations, including the recent
one (Altobelli et al. 2016), indicate that interstellar
grains likely contain iron inclusions. The presence of
iron clusters can significantly enhance the grain mag-
netic susceptibility, and grains become superparamag-
neticmaterial (Jones & Spitzer 1967). The question of
whether iron inclusions occur only in big silicate grains
or both big silicate and carbon grains is still uncertain.
Moreover, it is also suggested that there might be an
additional dust component of grains that contain iron
inclusions in addition to paramagnetic silicate and car-
bonaceous components (Dwek 2016). Therefore, it is
necessary to formulate a quantitative alignment model
for grains containing iron clusters.
The first work that combines the effect of iron inclu-
sions and RATs was presented by Lazarian & Hoang
(2008). The authors found that the enhanced param-
agnetic relaxation can convert a high-J repellor point
induced by RATs in to a high-J attractor point. Re-
cently, Hoang & Lazarian (2016b) conducted an ex-
tensive study on Magnetically enhanced RAT align-
ment, which we term MRAT mechanism, and demon-
strated that grains with iron inclusions can reach per-
fect alignment. The detailed description of the MRAT
mechanism is shown in Section 2.3.
Recent Planck results (Planck Collaboration et al.
2015) show a high degree of dust polarization, up
to 20%, for the diffuse interstellar medium (ISM).
Inverse modeling of starlight polarization usually re-
quires perfect alignment of silicate grains to reproduce
the maximum polarization degree (Draine & Fraisse
2009; Hoang et al. 2014). This raises some challenge
for the traditional RAT mechanism, but this issue can
easily be reconciled by efficient alignment of grains
with iron inclusions (Hoang & Lazarian 2016b). In
particular, far infrared-submm polarization observa-
tions (e.g., by ALMA and EVLA) are able to probe
very dense regions where dust coagulation can produce
very large grains (i.e., up to cm). For such very large
grains in high density conditions, ordinary paramag-
netic grains are expected to have slow Larmor preces-
sion, such that grains tend to align with the anisotropic
radiation direction. If grains contain iron inclusions,
the magnetic susceptibility is significantly enhanced,
leading to stronger coupling to the magnetic field and
deeper probe of magnetic fields into the disk. An ex-
tended discussion is presented in Section 3.
2. Modern Theory of Interstellar Grain
Alignment
2.1. Paramagnetic relaxation alignment for
nanoparticles and small grains
Interstellar dust grains contain iron atoms that are
usually assumed to be diffusely distributed throughout
the grain, leading to ordinary paramagnetic material.
In an external magnetic field, a rotating paramagnetic
grain undergoes paramagnetic relaxation, which dis-
sipates the grain rotational energy and results in the
alignment of grain angular momentum with the mag-
netic field (Davis & Greenstein 1951). Paramagnetic
relaxation initially was proposed to explain the align-
ment of interstellar large grains. However, latter it
was shown that paramagnetic relaxation is not efficient
because grains are randomized by thermal collisions.
Nevertheless, numerical calculations by Hoang et al.
(2014) demonstrate that paramagnetic relaxation can
only produce low degree of alignment for small grains.
Future observations in the UV wavelengths will be
valuable to test the paramagnetic alignment of small
grains.
For tiny particles or nanoparticles, the Barnett effect
acting within rapidly spinning grains, results in res-
onance paramagnetic relaxation (Lazarian & Draine
2000). Previous theoretical predictions using the res-
onance relaxation mechanism show that the polariza-
tion degree of spinning dust emission can be up to
a few percents around 10GHz and falls to below 1%
at ν > 20GHz (Hoang et al. 2013). Therefore, this
polarized spinning dust emission appears to be a chal-
lenge for the detection of CMB B-mode signal, be-
cause simulations (Remazeilles et al. 2016) show that
a level of 1% spinning dust polarization would affect
the CMB B-mode detection. The spinning dust po-
larization is predicted to be within a few percents
(Hoang et al. 2013; Hoang et al. 2016) if nanoparti-
cles are aligned by resonance paramagnetic relaxation.
Recently, it was suggested that quantization effect of
vibrational energy within nanoparticles may suppress
the energy transfer from the rotational system to the
vibrational system, reducing the degree of magnetic
alignment (Draine & Hensley 2016). Meanwhile, it
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was suggested that Faraday braking can facilitate the
dissipation of rotational energy of diamagnetic grains
that enhances internal alignment (Papoular 2016).
2.2. Quantitative Theory: Radiative Torque
Alignment for Paramagnetic Grains
The key idea of quantitative polarimetry is first to
identify what physical parameters the alignment effi-
ciency, R, namely Raleigh reduction factor (Greenberg
1968) depends on and calculate the value R vs. grain
size for arbitrary local physical conditions. Next, mod-
eling of dust polarization using R is carried out for
realistic environments, and the results can be directly
tested with observations. After a long history of more
than six decades, a quantitative theory of grain align-
ment is eventually achieved (see Lazarian et al. 2015
for a complete review). Below, we review first the clas-
sical alignment mechanism and then the modern quan-
titative alignment model based on radiative torques.
The quantitative study of RAT alignment for ordinary
paramagnetic grains was initiated in a series of papers,
starting with Lazarian and Hoang (Lazarian & Hoang
2007a, hereafter LH07) where an analytical model
(AMO) of RAT alignment was introduced. In the
AMO, the radiative torques are approximately de-
scribed by analytical torque components Qe1 and Qe2,
which are the torque components parallel and per-
pendicular to the anisotropic radiation direction. The
alignment of paramagnetic grains is dominated by ra-
diative torques, and can be described by the ratio
qmax = max(Qe1)/max(Qe2).
The analytical model was the basis for further
theoretical studies in (Lazarian & Hoang 2007b;
Lazarian & Hoang 2008; Hoang & Lazarian 2008
(HL08); Hoang & Lazarian 2009a;b, hereafter
HL09ab). In the case of steady motion where only
rotational damping due to gas collisions is considered,
(i.e., rotational excitations is disregarded), we found
that RATs tend to align ordinary paramagnetic
grains at attractor points with low magnitude of
angular momentum (so-called low-J attractor points),
and/or attractor points with high angular momentum
(so-called high-J attractor points).
The parameter space for radiative alignment was iden-
tified in LH07 for the combination of qmax and the an-
gle ψ between the direction of the radiation anisotropy
and the magnetic field. There exists a narrow win-
dow in which the high-J attractors is present, and the
alignment can be perfect. The grains with the param-
eters outside this parameter space were found to be
aligned at the low-J attractor point and were shown
to be not perfectly aligned. For this generic feature,
the degree of radiative alignment can be modeled by
a parameter fhi–the fraction of grains aligned at high-
J attractor points, which allows quantitative predic-
tions of the polarization by RAT alignment for vari-
ous astrophysical conditions (Hoang & Lazarian 2014;
Hoang et al. 2015). This approach allows us to predict
the polarization spectrum as a function of local phys-
ical parameters (gas density and radiation field), but
the link to dust properties (e.g., magnetic properties)
is not treated.
The quantitative studies of radiative torques in LH07
and HL08 also show that, in the absence of high-J
attractor points, the degree of alignment is unlikely
to exceed 30% (HL08). Both pinwheel torques due
to H2 formation (HL09a) and iron inclusions (LH07b)
are suggested to enhance the radiative alignment ef-
ficiency. The radiative alignment also predicts that
in the presence of strong anisotropic radiation field,
the alignment occurs with respect to the radiation di-
rection if the radiative precession is faster than the
Larmor precession around the magnetic field.
2.3. Quantitative Theory: Magnetic Radiative
Torque Alignment for Grains with Iron
Inclusions
With the goal to linking the alignment efficiency to
the magnetic property of dust grains that contains
iron inclusions, Hoang & Lazarian (2016b) (hereafter
HL16) have developed a unified model of grain align-
ment. This model deals with RAT alignment of grains
with enhanced magnetic susceptibility due to iron in-
clusions, which we term MRAT mechanism. Grains
with sufficiently large fraction of iron inclusions can
get aligned with high-J attractor points, achieving a
high degree of alignment. Using our analytical model
of RATs, we derive the critical value of the mag-
netic relaxation parameter δm = τgas/τmag to produce
high-J attractor points as functions of qmax and the
anisotropic radiation angle relative to the magnetic
field ψ, where τgas and τmag are the gas damping and
magnetic relaxation times, respectively.
HL16 find that if about 10% of total iron abundance
present in silicate grains are forming iron clusters, it
is sufficient to produce high-J attractor points for all
reasonable values of qmax. Figure 1 shows the contours
of δm,cri required to produce high-J attractor points in
the plane of ψ and qmax. For a wide range of explored
parameters of qmax and ψ, high-J attractor points are
present for δm,cri ≤ 10, except for the case ψ = 45
◦.
For instance, for ψ = 0, higher δm is required to have
high-J attractors for smaller qmax. It is noted that the
condition in Figure 1 is applicable to any value of a.
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Figure 1. Contours of the critical value of magnetic re-
laxation parameter required to produce high-J attractor
points, δm,cri, in the plane of ψ and q
max. Shaded areas
indicate the existence of high-J attractor points produced
by RATs even for ordinary paramagnetic grains (i.e., no
need of magnetic relaxation). White areas indicate the
space where the high-J attractor points are only produced
in the presence of magnetic relaxation. High-J attractors
is universal for δm,cri > 10.
Moreover, the result is independent on the anisotropy
γ, provided that γ 6= 0.
To calculate the degree of grain alignment as a func-
tion of local physical parameters and dust properties,
numerical simulations of MRAT alignment are carried
out, accounting for stochastic excitations from gas col-
lisions and magnetic fluctuations (HL16). We show
that large grains can achieve perfect alignment when
the high-J attractor point is present, regardless of the
values of qmax. Figure 3 shows the dependence of R on
the grain size a for different values of qmax at ψ = 0◦.
It can be seen that the values of R increase with in-
creasing a. For the largest magnetic relaxation param-
eter considered, i.e, δm = 30, the a ≥ 0.1µm grains are
perfectly aligned (upper bound) for all values of qmax
considered, whereas smaller grains of a = 0.05 and
0.08µm are less efficiently aligned.
For ordinary paramagnetic case, the values of R are
dependent on qmax. For a = 0.05− 0.08µm, we found
that, even δm ≫ 1, those small grains never reach per-
fect alignment. This can be explained by the fact that
the latter, smaller grains are not rotating suprather-
mally because of weaker RATs. Moreover, for the
case of ψ = 60◦, we do not have perfect alignment
of a = 0.1µm because those grains only rotate at ther-
mal rates. Furthermore, the parameter space for the
dependence of R vs. a is quite broad for the RATs
with qmax = 0.5 and 1, and it becomes very focused
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Figure 2. Variation of the Rayleigh reduction factor R with
δm for ψ = 0, 30, 60, 80
◦ and qmax = 0.5, 1, 2, 4 (panels
(a)-(d)). The MRAT alignment is nearly perfect for the
largest δm where the alignment has high-J attractor points,
such that all grains eventually become aligned. Grain size
a = 0.2µm is considered.
for the two other cases of qmax = 2 and 4.
Figure 2 shows the dependence of R on δm for the
different values of qmax for grains of size a = 0.2µm.
For qmax = 0.5 and 1, the MRAT is almost perfect
for ψ = 60◦ and 80◦ for all values of δm, whereas the
perfect alignment is only achieved with large value of
δm for ψ = 0
◦ and 30◦. This arises directly from Figure
1 that the high-J attractor points are present at ψ ≥
60◦ even with low values of δm. For q
max = 2 and
4, the same happens with ψ = 0◦ and 30◦. For all
cases of qmax, the MRAT alignment becomes perfect
for δm ≥ 30 (panels (a)-(c)). For the case of q
max = 4,
the value R for ψ = 80◦ cannot reach perfect alignment
because grains do not rotate suprathermally at this
large angle between the radiation and the magnetic
field.
3. Implications of the Unified
Alignment Theory for Observations
3.1. The diffuse interstellar medium
Recent results by Planck (Planck Collaboration et al.
2015) show a high polarization degree up to 20% for
the diffuse interstellar medium (ISM). Inverse model-
ing of starlight polarization usually requires perfect
alignment of silicate grains to reproduce the max-
imum possible polarization (Draine & Fraisse 2009;
HLM14). This raises some challenge for the classi-
cal RAT mechanism described in LH07a. The results
there show that the RAT alignment can easily reach
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Figure 3. Dependence of R on the grain size a. Big grains
(a ≥ 0.1µm) are mostly perfectly aligned for δm ≥ 30, while
grains a < 0.1µm tend to increase with a. The results for
ψ = 0◦ are shown.
perfect if the high-J attractor point is present (also
HL08). In contrast, without high-J attractor points,
the degree of alignment is only 20 − 30% (see Fig-
ure 2). This, by itself, does not disqualify RATs from
explaining the observed alignment. First of all, the
existence of the high-J attractor point depends on the
qmax parameter of grains, but its distribution is un-
certain for irregular interstellar grains. Moreover, in
the absence of high-J attractor points, the degree of
alignment still can be significantly increased if grains
are also subject to suprathermal torques and the ev-
idence of this effect has been claimed in observations
(Andersson et al. 2013).
The MRAT scenario (Hoang & Lazarian 2016b) pro-
vides a promising explanation for the perfect align-
ment of dust grains, which is supported by the increas-
ing evidence of iron inclusions in big dust grains (e.g.,
Altobelli et al. 2016). If the MRAT scenario is con-
firmed, this will have important consequences for in-
terpreting the observational data in environment con-
ditions beyond the diffuse ISM, including molecular
clouds, dense cores, circumstellar disk, and cometary
coma.
3.2. Probing magnetic fields in protoplanetary
disks with aligned grains
Large grains can be aligned by RATs in accretion disks
(Cho & Lazarian 2007). There, however, the obser-
vations were not showing good correspondence with
theoretical predictions (see Hughes et al. 2009). The
results were also critically analyzed in a recent study
(Hoang & Lazarian 2014). Two reasons that are re-
sponsible for lower degrees of alignment of grains, in-
cluding the failure of the internal relaxation to bring
the grain angular momentum J to align with the axis
of the maximum moment of inertia aˆ1 and the slow
Larmor precession of J about the magnetic field com-
pared to randomization by gas collisions in the accre-
tion disks. The former effect does not completely sup-
press the RAT alignment (Hoang & Lazarian 2009a),
but makes the alignment more selective in terms of the
grains that can be aligned. The effect of the reduced
Larmor precession within very large grains destroys
the alignment with respect to the magnetic field.
Interestingly, recent observations of submm/mm po-
larization by ALMA reveal strong polarization of
thermal dust from disks. It is suggested that the
self-scattering by large grains is responsible for such
a high polarization (Kataoka et al. 2015), although
alignment of large grains is also suggested. Now let
us evaluate the maximum size of dust grains that can
be aligned with respect to the magnetic field in the
light of our unified model of grain alignment.
Following HL16, the largest grain size that the align-
ment still occurs with the magnetic fieldB is estimated
to be
aali,B < 436
Ncl,5φsp,−2B3
n10T
1/2
2 Γ‖
µm, (1)
where Ncl is the number of iron atoms per cluster,
spanning ∼ 20 to 105 (Jones & Spitzer 1967), B3 =
B/1mG, n10 = nH/10
10cm−3, T2 = Tgas/100K, and
Γ‖ is the geometry parameter of unity order. Here,
Ncl,5 = Ncl/10
5, nH and Tgas are gas density and tem-
perature.
For accretion disks with B ∼ 10mG (Girart et al.
2006) and Tgas ∼ 25K (Chiang & Goldreich 1997),
we expect to have alignment of very big grains with
the magnetic field in the disk interior for aali,B ∼
218Ncl,5/n10µm. For a typical flared disk around
T-Tauri stars, the density at radius d is nH ∼
109(d/100AU)−39/14 exp
(
−z2/2H2
)
cm−3 with H the
scale height and z the distance from the disk plane
(Hoang & Lazarian 2014). Therefore, grains as large
as aali,B ∼ 2mm can be aligned in the disk-plane at dis-
tance d > 100 AU. At disk radius d = 50 AU, grains
up to aali,B ∼ 0.5mm can be aligned with the magnetic
field in the disk plane; at height z ∼ 2H , this upper
size increases to aali,B ∼ 4mm. We note that a slightly
different conclusion is obtained recently (Tazaki et al.
2017) because they chose a low value of Ncl = 10
3,
compared to Ncl = 10
5 adopted in HL16.
For the similar conditions of T-Tauri disks aforemen-
tioned, we expect Barnett relaxation is important only
for small grains upto aali,Bar ∼ 0.5µm at radius d >
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100 AU. Nevertheless, grains with inefficient internal
relaxation may still be aligned with the magnetic field
by strong RATs (Hoang & Lazarian 2009a). There-
fore, the potential of alignment of the millimeter-sized
grains with the magnetic field in the accretion disks
remains feasible if grains are incorporated with iron in-
clusions and the magnetic field strength is about mG.
This prediction is recently confirmed by detailed mod-
eling of polarization from aligned grains in accretion
disks (Tazaki et al. 2017).
3.3. Towards self-consistent modeling of dust
polarization for the CMB B-modes quest
The development of a unified grain alignment theory
has important implications for CMB B-mode studies.
Apart from being the dominant source of polarized
thermal emission via electric dipole mechanism for the
frequencies larger than 300 GHz, grains with iron in-
clusions can also be responsible for magnetic dipole
emission at lower frequencies (Draine & Hensley 2013;
Hoang & Lazarian 2016a). The latter emission mecha-
nism is closely related to magnetic inclusions in grains,
which are the inclusions that are invoked for the
MRAT alignment. This emission, if its magneto-dipole
nature is confirmed, can be used to constrain the abun-
dance and properties of the magnetic inclusions that
are appealed to within the MRAT mechanism.
Polarized thermal dust emission is shown to be the
most crucial challenge for detection of CMB B-modes,
thus an accurate model of dust polarization is urgently
needed. The size-dependence degree of grain align-
ment is an essential ingredient for modeling the polar-
ization spectrum of thermal dust emission and mag-
netic dust emission (MDE). We have obtained such a
size-dependence degree of alignment from simulations
using AMO, which relates directly the degree of align-
ment with the magnetic susceptibility, radiation fields,
and local environmental conditions. It will be used to
construct a self-consistent model of magnetic dipole
emission and polarization spectrum.
4. Conclusions and Future Perspectives
For the first time, a quantitative theory of grain align-
ment based on radiative torques is developed and
tested with observations. Such a theory allows us to
predict alignment efficiency as function of dust prop-
erties and local physical parameters, which paves the
way for self-consistent modeling of multiwavelength
dust polarization. This has great significance for pre-
cision CMB B-mode studies as well as more realis-
tic understanding of magnetic fields in star formation
processes. In particular, iron inclusions in big grains
can increase the upper cutoff of grain size that are
still coupled to the magnetic field due to fast Larmor
precession. This allows using mm-polarimetry (e.g.,
with ALMA and EVLA) to probe magnetic fields in
protoplanetary disks and study its role on planet for-
mation. Nevertheless, to disentangle the polarization
from aligned grains from self-scattering in the proto-
planetary disks, detailed physical modeling and multi-
wavelength observations are needed (Kataoka et al.
2015; Yang et al. 2016).
Although observations establish that iron is depleted
into interstellar dust, the exact form of dust-phase
iron is still uncertain. Future observational studies
should focus on testing whether ion inclusions are in-
corporated in big dust grains or present as free-flier
nanoparticles in the ISM. Interestingly, the latest ex-
periment (Kimura et al. 2017) reveals that pure iron
grains are rare due to low sticky probability, suggest-
ing that iron is more likely present in dust grains
as inclusions/compounds instead of being free-fliers.
Moreover, dust grains with iron inclusions may be an
independent dust component from silicate, carbona-
ceous grains (Dwek 2016). We note that the fraction
of grains with iron inclusions as well as the level of
iron inclusions likely vary in the ISM, thus the perfect
alignment is not expected throughout the ISM, result-
ing in the scatter in the polarization efficiency seen by
observations (e.g., Planck satellite).
Iron inclusions are also suggested to induce grain align-
ment in cometary coma as observed by Rosetta satel-
lite (Kolokolova et al. 2016). Similar to RATs, iron
inclusions are found to enhance alignment by mechan-
ical torques for some irregular shapes (Hoang, Cho, &
Lazarian, in preparation).
There are still important questions on grain align-
ment that need to be addressed. Those include: Are
grains with iron inclusions independent of paramag-
netic grains? Can carbonaceous grains with iron in-
clusions be aligned? What is the residual alignment
efficiency of nanoparticles/ultrasmall grains? What
is the alignment efficiency of very large (mm) grains
without internal relaxation?
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